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Abstract.  Calpain  (a Ca2+-dependent protease)  is pres- 
ent in many cell types.  Because it is present in the 
cytosol, the potential  exists that it may regulate critical 
intracellular  events by inducing  crucial  proteolytic 
cleavages.  However, the concentrations  of Ca  2§ re- 
quired to activate calpain  are higher than those at- 
tained  in the cytoplasm of most cells.  Thus,  the physi- 
ological importance  of calpain and the mechanisms 
involved in its activation have remained  elusive.  In this 
study,  we show that calpain  rapidly moved to a pe- 
ripheral  location upon the addition  of an agonist to 
suspensions  of platelets,  but it remained  unactivated. 
We provide three lines of evidence that calpain  was 
subsequently activated by a  mechanism  that required 
the binding  of an adhesive ligand to the major platelet 
integrin,  glycoprotein (GP) IIb-IIIa:  calpain activation 
was prevented by RGDS, a tetrapeptide  that inhibits 
the binding  of adhesive ligand  to GP Ub-l/Ia;  it was 
also prevented by monoclonal antibodies  that inhibit 
adhesive ligand binding  to GP llb-IIIa;  and its activa- 
tion was markedly  reduced in platelets  from patients 
whose platelets have greatly  reduced levels of func- 
tional  GP llb-IIIa.  Thus,  in platelets,  binding  of the 
extracellular  domain of GP l/b-IIIa to its adhesive 
ligand  can initiate  a transmembrane  signal that acti- 
vates intraceUular  calpain.  Because calpain is present 
in focal contacts  of adherent  cells,  the interaction  of 
integrins  with adhesive ligands  in the extracellular  ma- 
trix may regulate activation of calpain  in other cell 
types as well. 
C 
ALPAIN is  a  Ca2+-dependent  thiol  protease  that  is 
active at neutral pH and is present in most animal 
cells (28). Because it is present in the cytoplasm, it 
has the potential to play a critical regulatory role, inducing 
the proteolytic cleavage of key substrates within the cell. If 
calpain  functions  in  this  way,  presumably  there  must  be 
mechanisms  that  rapidly activate the protease,  perhaps  at 
specific locations within the cell.  However, little is known 
about situations in which calpain is activated in cells, the bio- 
logical functions of calpain, or the mechanisms that regulate 
its activity within cells. 
There are two forms of the enzyme, one that requires ~o10 
/~M Ca  2+ for half-maximal activation, and one that requires 
millimolar  concentrations.  Because  Ca  2§  concentrations 
rise only to 400-1,500 nM within the cytoplasm of most cells 
(2, 4, 24, 41), it has been suggested that additional mecha- 
nisms must exist to induce calpain activation within normal 
cells. Calpain has been detected in focal contacts of adherent 
cells,  sites where bundles of actin filaments terminate and 
the plasma membrane is in closest contact with the extracel- 
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lular matrix (3, 4). Integrins are concentrated at these sites 
and form a transmembrane linkage between adhesive ligands 
in the extracellular matrix and the intracellular cytoskeleton 
(4). Binding of adhesive ligand to integrins at these sites in- 
duces intraceUular changes,  including altered gene expres- 
sion (39) and cytoskeletal reorganization (4). The intracellu- 
lar  enzymes  that  induce  these  changes  are  not  known. 
Because calpain is found in focal contacts, and because many 
of the known substrates for this protease are components of 
the cytoskeleton (7, 12, 13), we have considered the possibil- 
ity that calpaln may be activated as a consequence of ligand 
binding to integrins. 
One cell type in which calpain activation can be induced 
by the addition of an agonist is the platelet (10).  Activation 
of calpain leads to a remodeling of the platelet cytoskeleton 
and to an altered association of the cytoskeleton with plasma 
membrane glycoproteins (11). The major platelet integrin is 
glycoprotein (GP) ~  IIb-IIIa (29). This integrin is inactive in 
unstimulated  platelets,  but upon the addition  of agonist  it 
rapidly undergoes a conformational change that enables it to 
1. Abbreviations  used in this paper: GE glycoprotein; NIH, National Insti- 
tutes of Health; RGDS, Arg-Gly-Asp-Ser; RGES, Arg-Gly-Glu-Ser. 
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Willebrand factor (34) and to become incorporated into fo- 
cal contacflike structures (43). In the present study, we pro- 
vide evidence that calpain is activated as a consequence of 
GP  IIb-IIIa-ligand  interactions.  This  finding  suggests  a 
mechanism by which intracellular calpain could be activated 
at  specific  sites  within cells,  It suggests  that  proteolytic 
events  may be  induced by  calpain  at  sites  of integrin- 
cytoskeletal interaction;  such proteolytic events may play a 
critical role in the normal functioning of cells. 
Materials and Methods 
Isolation of  Platelets 
Venous blood was drawn from healthy adult donors or from patients with 
Glanzmann's thrombasthenia, and platelets isolated from it by centrifuge- 
tion, as described (10). Platelets were finally resuspended at a concentration 
of 0.3-1  ￿  109 platelets/ml in a Tyrode's buffer containing 138 mM sodium 
chloride, 2,9 mM potassium chloride, 12 mM sodium bicarbonate, 0.36 
mM sodium phosphate, 5.5 mM glucose,  t.8 mM calcium chloride, 0.4 mM 
magnesium chloride, pH 7.4. 
Incubation of  Platelets with Agonist 
Platelet suspensions were incubated for 15 rain at 37~  in the absence or 
presence of antibodies or inhibitors, The synthetic peptides consisting of  the 
sequence Arg-Gly-Asp-Ser  (RGDS)  or Arg-Gty-Glu-Ser  (RGES)  (Telios 
Pharmaceuticals, Inc., San Diego, CA) were added in saline. The anti-GP 
IIb-IIIa antibodies, 10E5 and DgGI, were generous gifts of Dr. Barry Coller 
(State University of New York, Stony Brook, NY) and Dr. David Phillips 
(COR Therapeutics, Inc., South San Francisco, CA), respectively. The anti- 
GP Ib-lX antibody, AK2, was a generous gift of Dr. Michael Berndt (West- 
mead Hospital, Westmead,  New South Wales, Australia).  Platelets  were 
subsequently incubated with 0.I to 1.0 National Institutes of Health (NIH) 
unit of thrombin/ml (kindly provided by Dr. John W. Fenton II of the New 
York Departmem of Health, Albany, NY),  10/~g of collagen/ml (Horme, 
Munich, Germany), or 1.0/~M ionophore A23187 (Sigma Chemical Com- 
pany, St. Louis, MO). Unless otherwise indicated, all incubations  were per- 
formed in the presence of stirring. 
Assessment of  Platelet Aggregation 
Platelet suspensions (0.3  x  109 platelets/ml)  were stirred in the presence 
of an agonist in an aggregometer (Chronolng Corporation, Havertown, PA). 
The agonist-induced  aggregation  of platelets was assessed by a change in 
transmittance of light through the suspension. 
Localization of Calpain by Immunofluorescence 
Platelet suspensions (1  x  109 platelets/ml)  were fixed by the addition of 9 
vol of  a solution containing  4% paraformaldehydein a buffer containing 150 
mM sodium chloride, 10 mM Tris-HCl, pH 7.4. Approximately 100/zl of 
the suspension was placed on poly-L-lysine-coated  glass slides, The slides 
were incubated at ambient temperature for approximately  I h. Excess sus- 
pension was then removed by aspiration and the platelets lysed by the addi- 
tion of a buffer containing 0.5% Triton X-100, 0.1% Carnation milk, 150 
mM ammonium acetate, 150 mM sodium chloride, 10 mM Tris-HC1, pH 
7.4. After 15 rain, samples were washed three times in a buffer containing 
15 mM sodium acetate, 0.1% Carnation milk, 150 mM sodium chloride, 
10 mM Tris-HC1, pH 7.4, to which a 1:50 dilution of sheep serum (Sigma 
Chemical Co.) was added. Samples were then incubated for •16  h at am- 
bient temperature with polyelonal antibodies against calpein. Excess solu- 
tion was removed by aspiration, samples were washed five times with the 
buffer containing 15 mM ammonium acetate (but no sheep serum), in- 
cubated with biotinylated sheep anti-rabbit immunnglobulin  G (Amersham 
Corporation, Arlington Heights, IL) for 3 h, washed five times with the 15 
mlvl  ammonium  acetate-containing  buffer,  incubated  with  Texas-red- 
labeled streptavidin (Amersham Corp.) for 30-60 rain, washed five times 
in a buffer containing 150 mM sodium chloride, 50 mM Tris-HCl, pH g4, 
and mounted. The slides were examined with a Zeiss Universal microscope 
(Carl Zeiss, Inc., Thornwood, NY) and photographed. 
Assessment of  Ca  2+ Fluxes 
Platelets were loaded with Fura 2 (18). Platelet suspensions (1  ￿  109 plate- 
lets/ml) were stirred with L0 NIH U of thrombirdml in a Perkin-Elraer 650- 
40 fluorescence  spectrophotometer (Perkin-Elmer Corporation, San Jose, 
CA). The excitation wavelength was 340 nm, and the emission wavelength 
was 490 nm. Thrombin-induced Ca  2+ fluxes were assessed  by the altered 
emission at 490 ran. 
Analytical Procedures 
Platelet suspensions (0.3-1 ￿  109 platelets/ml) were solubitized in the pres- 
ence  of  a  reducing  agent  and  analyzed  on  one-dimensional  SDS- 
polyacrylamide gels by the method of Laemmli (23) using 3% acrylamide 
in the stacking gel and a 5-20% exponential gradient of acrylamide in the 
resolving gel. Proteins were stained with Coomassie brilliant  blue. Western 
blotting was performed by the method of Towbin et al. (37). Antibodies to 
actin binding protein and calpain were raised and characterized as reported 
previously (12, 22). The concentration of platelets in suspensions of washed 
platelets  was  determined with a  Coulter counter (Coulter Corporation, 
Hialeah, FL). 
Results 
Localization of  Calpain in Platelets 
The distribution of calpain was examined in unstimulated 
and activated platelets. As reported previously (36), calpain 
had a very diffuse distribution in the unstimulated cell (Fig. 
1 A).  However, upon the addition of the agonist thrombin, 
caipain moved to the periphery of the cell (Fig.  1). Similar 
results were obtained whether the distribution of calpain was 
assessed by immunofluorescence (Fig.  1 B) or electron mi- 
croscopy  (Fig.  1 C).  Calpain redistributed in suspensions 
that were not agitated (e.g., Fig.  1), but calpain is activated 
only in suspensions that have been agitated (10,  38).  Fur- 
ther, the redistribution occurred extremely rapidly Coy 10 s, 
the earliest time point studied). However, calpain activation 
was not detected until 30 or 60 s after the addition of throm- 
bin  to  a  stiffed  platelet  suspension.  Thus,  although  the 
thrombin-induced redistribution of calpain to the periphery 
of platelets may be necessary for calpain activation, it is not 
sufficient. 
Inhibition of  Agonist-induced Calpain Activation by 
GP IIb-IIla Antagonist 
To determine whether the integrin GP Ilb-ma is involved in 
the subsequent activation ofcalpain, platelets were incubated 
with agents known to inhibit the agonist-induced binding of 
adhesive ligands to this integrin and subsequently stirred in 
the presence of the agonists collagen or thrombin. One such 
agent,  the  tetrapeptide  RGDS, inhibited  the  subsequent 
thrombin-induced binding of adhesive ligand to GP Ilb-llla 
in a dose-dependent manner (Fig. 2 A). Inhibition of ligand 
binding was accompanied  by inhibition of  calpain activation, 
as detected by hydrolysis of actin-binding protein (Fig. 2 B) 
or autolysis of calpain (data not shown). Similar inhibitory 
effects were observed whether  platelets were stimulated with 
thrombin or collagen (data not shown). RGES, a peptide that 
does not inhibit binding of adhesive ligand (Fig. 2 A), did 
not inhibit calpain activation (Fig. 2 B). 
Agonlst-induced binding of adhesive ligand to GP IIb-RIa 
is  also inhibited  by preincubating  platelets  with  10E5, a 
monoclonal antibody against the GP I~-IIIa complex (5). 
Inhibition of ligand binding was accompanied by inhibition 
of calpain activation (Fig. 3). Other monoclonal antibodies 
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pain in platelets. A and B im- 
mundiuorescence images show- 
ing the distribution of calpain 
in  unstimulated platelets (A) 
and in platelets that had been 
incubated (in the absence of 
stirring) with  1.0  NIH  U  of 
thrombin/ml for 60 s (B). Cis 
an electron micrograph show- 
ing the distribution of calpain 
in platelets that had been stirred 
with 1.0 N-IH  U ofthrombin/ml 
for 15 min. The platelets  shown 
in this panel were  found to- 
ward the periphery of  the dense 
platelet aggregate that formed. 
Calpain  was  detected  with 
polyclonal  antibodies  raised 
in rabbits against purified bo- 
vine skeletal muscle calpain. 
(A  and  B)  Bar,  5  ~m;  (C) 
bar, 0.5  #m. 
Figure 2. Inhibition of throm- 
bin-induced calpain activation 
by  RGDS.  Suspensions  of 
washed platelets were  prein- 
cubated for 15 min at 37~  in 
the presence of the indicated 
concentrations  of  RGDS  or 
RGES.  Platelets  were  then 
stirred  in  an  aggregometer 
with 0.1 NLH U of thrombin/ 
ml  for  10  min.  Aggregation 
was recorded as an increase in 
light transmittance (A). Incu- 
bations  were  terminated  by 
the addition of an  SDS-con- 
raining buffer.  Samples were 
electrophoresed  through SDS- 
polyacrylamide gels. Hydrol- 
ysis of actin-binding protein 
(ABP) was detected on immu- 
noblots after the transfer of proteins from the gels to nitrocellulose paper (B). 200,  100, and 91 K indicate the Mr =  200,000,  100,000, 
and 91,000 calpain-induced degradation products of actin-binding protein (12). 
Fox et al. Integrin-mediated  Calpain Activation  1503 Figure 3. Inhibition of thrombin-induced calpain activation by anti- 
GP Ilb-IIIa. Suspensions of washed platelets were preincubated for 
15 rain at 37~  in the presence or absence of  monoclonal antibodies 
(1 t~g/ml). 10E5 is an antibody against the GP Ilb-llIa complex; 
AK2 is an antibody against another platelet membrane glycopro- 
rein, GP Ib-IX. Platelets were then stirred in the aggregometer with 
0.1 NIH U of thrombin/ml. After 10 rain, the incubations were ter- 
minated by the addition of an SDS-containing buffer. Samples were 
electrophoresed through SDS-polyacrylamide gels. Hydrolysis of 
actin-binding protein (ABP) was detected on immunoblots after the 
transfer of proteins from the gel to nitrocellulose paper. 200, 100, 
and 91 K indicate the M~ = 200,000, 100,000, and 91,000 calpain- 
induced degradation products of actin-binding protein (12). 
was extremely little activation of calpain in these platelets in 
response to the physiological agonists thrombin or collagen, 
as assessed by autolysis of calpain (Fig. 4) or hydrolysis of 
actin-binding protein (Fig. 6). Platelets from three different 
patients all gave similar results. As reported previously (40), 
activation of calpain occurred normally when the platelets 
from thrombasthenic patients were stirred in the presence of 
the Ca  2+ ionophore A23187 (Fig. 4). Thus, calpain is pres- 
ent in the platelets from patients with Glanzmann's throm- 
basthenia and can be activated to normal levels if the intra- 
cellular Ca  2+ concentrations are elevated sufficiently (e.g., 
by use  of a  Ca  2+  ionophore).  However, the  physiological 
mechanism by which calpaln is normally activated is non- 
functional in these platelets. 
Effect of GP lib-Ilia Antagonists on Ca  2+ Influx 
into Platelets 
The results presented so far suggest that calpain moves to the 
periphery of platelets upon platelet activation but that the 
subsequent activation of  calpain requires binding of adhesive 
ligand to the GP IIb-IIIa complex. The GP llb-IIIa complex 
has  been implicated in  Ca  2+ influx into platelets  (14,  32, 
35). Thus, it is conceivable that this ligand-GP IIb-IIIa inter- 
action is required to elevate submembranous Ca  2§ concen- 
trations sufficiently to induce calpaln activation in thrombin- 
activated ceils.  However, others have reported that RGDS, 
which inhibits binding of adhesive ligands to GP llb-IIIa, 
does not inhibit agonist-induced increases  in  cytoplasmic 
Ca  2§  concentrations,  as measured with the Ca  2§  indicator 
Fura 2 (31, 42). Further, D9G1, a monoclonal antibody that 
inhibited binding of adhesive ligand to GP lib-IRa and in- 
that inhibit binding of adhesive ligand to GP I/b-Ilia (e.g., 
D9G1) also inhibited calpain activation (data not shown). We 
also  examined the effect of AK2,  a  monoclonal antibody 
against another platelet membrane glycoprotein (GP Ib-IX). 
AK2, which did not inhibit agonist-induced platelet aggrega- 
tion,  did not inhibit agonist-induced activation of calpain 
(Fig.  3). 
Activation of Calpain in Platelets from Patients with 
Glanzmann's Thrombasthenia 
Platelets from subjects with Glanzmann's thrombasthenia are 
deficient in functional GP I/b-iRa complex (15). These plate- 
lets change  shape and  secrete their granule contents nor- 
maUy in response to physiological agonists but show dimin- 
ished fibrinogen binding and aggregation. Western blotting 
showed that calpain was present in platelets from patients 
with Glanzmann's thrombasthenia (Fig. 4). Immunofluores- 
cence images showed that calpain moved to the periphery 
upon activation of these platelets (Fig.  5).  However, there 
Figure 4. Western blot showing calpain in thrombasthenic platelets. 
Suspensions of normal (lane 1 ) or of  platelets from thrombasthenic 
patients (lanes 2-4) were incubated alone (lanes 1 and 2), stirred 
with 1.0/~M ionophore A23187 for 15 min (lane 3), or stirred with 
1.0 NIH U of thrombin/ml for 15 min (lane 4). Incubations were 
terminated by the addition of an SDS-containing buffer. Samples 
were electrophoresed through SDS-polyacrylamide gels. Calpain 
and its autolytic form (78 K) were detected on immunoblots by 
using a monoclonal antibody against the Mr =  80,000 subunit of 
bovine skeletal muscle #-calpain. 
The Journal of Cell Biology,  Volume 120, 1993  1504 Figure 6. Western blots showing that there is little activation of cal- 
pain  in  platelets  from thrombasthenic  patients.  Suspensions  of 
washed platelets were (lane 1) incubated alone, (lane 2) stirred with 
10 t~g of collagen/ml, (lane 3) stirred with  1.0 NIH U of throm- 
bin/ml, or (lane 4) stirred with a combination of 10 #g of colla- 
gen/ml and 1.0 NIH U of thrombin/mi. After 10 min, the incuba- 
tions were terminated by the addition of an SDS-containing buffer. 
Samples were electrophoresed through SDS-polyacrylamide gels. 
Hydrolysis of actin-binding protein (ABP) was detected on immu- 
noblots after the transfer of proteins from the gels to nitroeeUulose 
paper. 200,  100, and 91  K  indicate the Mr  =  200,000,  100,000, 
and  91,000  degradation  products  of actin-binding  protein.  Left 
shows samples obtained from a control donor, whereas the right 
shows  samples from a patient with Glanzmann's thrombasthenia. 
No addition  D9G1 
Figure 5.  Immunofluorescence images showing the distribution of 
calpain in unstimulated thrombasthenic platelets (A) and in throm- 
basthenic  platelets that have been incubated with  1.0 NIH U  of 
thrombin/ml for 2 min. (B). Calpain was detected with polyclonal 
antibodies raised in rabbits against purified bovine skeletal muscle 
calpain.  Bar, 5 #m. 
hibited calpain activation (data not shown),  induced  no in- 
hibitory  effects on Ca  2+ influx (Fig.  7). 
Discussion 
Although  calpain is present in many cell types, the mecha- 
nisms  involved in regulating  the  tSanctional activity of this 
protease have remained elusive. It has been suggested that a 
prerequisite for calpain activation may be its association with 
the  cell  membrane  (26).  Although  evidence  has  been 
provided  that  association  of calpain  with  several  different 
phospholipids  lowers the concentration  of Ca  2§ required  to 
activate  the  protease,  the  conclusion  that  this  would  be 
sufficient to account for activation of calpain within cells has 
been questioned (6,  17, and Zalawska, T., R. B. Thompson, 
and  D.  E.  Goll,  submitted  for  publication).  The  present 
















Figure 7. Effects of anti-GP Ilb-ma antibody on thrombin-induced 
Ca  2§  fluxes.  Suspensions  of platelets were loaded  with  Fura 2, 
then incubated for 10 rain with no addition or with 30/~g/ml D9G1, 
a moneclonal antibody against GP IIb-HIa. Suspensions were sub- 
sequently sitrred with 1.0 NIH U of thrombin/ml and the increased 
intracellular Ca  2+ was recorded as an increase in fluorescence. 
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associate with the plasma membrane.  However,  an event 
other than simple association with the plasma membrane was 
required  for calpaln activation.  Thus,  the protease redis- 
tributed to the periphery of  platelets that had not aggregated, 
yet calpain activation occurs only in aggregating cells (10, 
38). Further, the protease redistributed similarly in platelets 
from thrombasthenic patients, yet activation of the protease 
did not occur. 
Thus, a signal other than simple translocation of calpain 
to the periphery of activated cells appears to be required for 
activation of  calpain. In the present study, we provide several 
lines of evidence that this signal is initiated by binding of 
adhesive ligand to the GP lib-iRa complex on the platelet 
surface. First, activation of calpain was prevented by RGDS, 
a tetrapeptide that inhibits the binding of adhesive ligand to 
GP lib-IRa; second, activation of calpain was prevented by 
monoclonal antibodies that inhibit adhesive ligand binding 
to  GP lib-IRa; third, activation of calpain was greatly re- 
duced in platelets from patients with Glanzmann's throm- 
basthenia, a disorder in which platelets have greatly reduced 
levels of functional GP lib-IRa complex. We conclude that 
in platelets, binding of the extracellular domain of this inte- 
grin to its adhesive ligand can initiate a transmembrane sig- 
nal that activates intracellular caipain. 
The nature of the transmembrane signal is not known. The 
GP lib-IRa complex has been implicated in Ca  2+ influx into 
platelets (14, 32, 35). Thus, it is possible that ligand-integrin 
interactions are required to elevate intracelhilar Ca  2+ con- 
centrations sufficiently to induce calpaln activation. In the 
present  study,  however,  the  monoclonal antibody D9G1, 
which inhibits binding of adhesive ligand to GP lib-IRa, had 
no detectable effect  on the thrombin-induced increase in cyto- 
plasmic Ca  2+ concentrations, yet it inhibited the thrombin- 
induced activation of calpain. It is possible that local Ca  2+ 
concentrations adjacent to ligand-occupied integrin become 
sufficiently  high to activate calpain at these sites and that GP 
l/b-IRa antagonists inhibit these local increases and thereby 
prevent calpain activation. Fura 2, which measures the total 
cytoplasmic Ca  2+ concentration may not be sensitive enough 
to detect such changes. Thus, it is possible that inhibitory 
effects of GP l/b-IRa antagonists on Ca  2+ fluxes went unde- 
tected in the present study. Alternative mechanisms that may 
induce activation of calpain are tyrosine phosphorylation re- 
actions  (8,  16),  cytoskeletal reorganizations (21, 30),  or 
Na§  + exchange (1). The  reason  for suggesting each of 
these as a potential mechanism is that they are all induced 
in activated platelets as a  consequence of adhesive ligand 
binding to the GP l/b-IRa complex. As with calpain activa- 
tion, these agonist-induced changes only occur in suspen- 
sions of platelets that are stirred. Future experiments will be 
needed to elucidate the mechanism by which each of these 
intracellular events is initiated and to determine whether any 
of these events is on the pathway between the initial binding 
of adhesive ligand and the subsequent activation of caipain. 
It is not known why adhesive ligand-induced, integrin- 
mediated signal transduction requires that platelet suspen- 
sions are stirred. When platelets are stirred, adhesive ligand 
bound to GP l/b-IRa on one platelet binds to activated GP 
Hb-IRa on an adjacent platelet. Thus, in a  stirred suspen- 
sion,  GP fib-IRa effectively binds to immobilized ligand 
rather than to ligand in suspension (as occurs in an unstirred 
suspension). Interestingly, many of the changes that are in- 
duced as a consequence of  adhesive ligand binding to GP ITo- 
IRa in a stirred platelet suspension are the same as those in- 
duced in cultured cells,  as integrins bind to immobilized 
adhesive ligands and focal contacts form. For example, as in 
cultured cells, the binding of adhesive ligand to GP lib-iRa 
in a stirred platelet suspension causes the integrin to associ- 
ate with cytoplasmic actin filaments (30).  In addition, there 
are many similarities between the focal contacts of cultured 
cells and the GP llb-IIIa-cytoskeletal structure that forms in 
response to stirring. Thus, for example, proteins present in 
the GP Ilb-iRa-cytoskeleton complex include talin, vincu- 
lin, pp60 ....  , and protein Idnase C  (43,  Fox, J.  E.  B.,  L. 
Lipfert, E. A. Clark, C. C. Reynolds, C. D. Austin, and J. S. 
Brugge, manuscript in preparation), proteins known to be 
concentrated in focal contacts of adherent cells in culture 
(4). Also, as in cultured cells, incubation of platelets with 
cytochalasins disrupts actin filaments and inhibits the ability 
of the integrin to bind adhesive ligand (Fox, J. E. B., D. A. 
Sanan, and S. J. Shattil, manuscript in preparation), suggest- 
ing a  role for the cytoskeleton in regulating the adhesive 
properties of the platelet integrin. 
In cultured cells, there is also increasing evidence that 
ligand-integrin interactions at focal contacts result in intra- 
cellular changes such as reorganization of the cytoskeleton 
and altered gene expression (4, 39).  Presumably this trans- 
membrane signaling is essential in regulating the shape, mo- 
tility, and function of adherent cells, but, as in platelets, it 
remains to be determined how adhesive ligand-integrin in- 
teractions induce these intracellular changes. Interestingly, 
activation of tyrosine phosphorylation reactions (20) and of 
the Na+-H  + antiporter (33),  events that occur while focal 
contacflike structures form in aggregating platelets (1, 8, 16), 
have recently been shown to occur when focal contacts form 
in cells in culture. In the present study, we show that calpain 
is another enzyme activated as a consequence of binding of 
adhesive ligand to an integrin in platelets. Because calpain 
is concentrated in focal contacts of adherent cells in culture 
(3), it appears possible that it may be activated as a conse- 
quence of ligand-integrin interaction in these cells as well. 
The major proteins shown to be cleaved by calpain in acti- 
vated platelets are the cytoskeletal proteins actin-binding 
protein (filamin) (12),  talin (12),  and spectrin (13).  Other 
substrates may be protein kinase C (19, 27) and membrane 
receptors (25).  Activation of calpain has been shown to be 
responsible for cytoskeletal rearrangements in aggregating 
platelets (9), and many of  the proteins known to be substrates 
for calpain in platelets are also concentrated in focal contacts 
of other adherent cells (4).  Thus, whether in platelets or 
other  adherent  cells,  it  is  conceivable  that  the  calpain- 
induced cleavage of  proteins such as these may induce the in- 
tracellular changes that occur as a consequence of the bind- 
ing of integrins to adhesive ligands. 
We thank Dr. J. Fenton II for the generous gift ofthrombin  and Mr. Robert 
F. Abel for making blood from patients with Glanzmarm's thrombasthenia 
available to us. We thank C. C. Reynolds and S. Weisman for technical 
assistance; R. Hodge, A. Greenblatt, J. Fortes-Broda, and S. Seybold for 
secretarial help; C. Benedict and T. Rolaln for graphics; and A. Averbach 
for editorial services. 
Supported by Research Grant HL30657 (J. E. B. Fox) from the National 
Institutes of  Health and by Established Investigator Awards from the Amer- 
ican Heart Association (J. E. B. Fox and J. K. Boyles). 
Received for publication 12 August 1992 and in revised form 11 December 
1992. 
The Journal of Cell Biology, Volume 120, 1993  1506 References 
1. Banga, H. S., E. R. Simons, L. F. Brass, andS. E. Rittenhouse. 1986. Ac- 
tivatun of phospbolipases  A and C in human  platelets exposed to epineph- 
rine: role of glycoproteins IIb/IIIa  and dual role of epinephrine. Proc. 
Natl. Acad.  Sci. USA. 83:9197-9201. 
2. Becket, P. L., J. J. Singer, J. V. Walsh, Jr., and F. S. Fay. 1989. Regula- 
tion of calcium concentration in voltage-clamped smooth muscle cells. 
Science  (Wash. DC).  244:211-214. 
3. Beckerle, M. C., K. Burridge, G. N. DeMartino, and D. E. Croall. 1987. 
Colocalization of calcium-dependent protease II and one of its substrates 
at sites of cell adhesion. Cell. 51:569-577. 
4. Burridge, K., K. Fath, T. Kelly, G. Nuckolls, and C. Turner. 1988. Focal 
adhesions: transmembrane  junctions between the extracellular matrix and 
the cytoskeleton. Anna.  Rev. Cell Biol. 4:487-525. 
5. Coller, B. S., E. I. Peerschke, L. E. Scudder, and C. A. Sullivan. 1983. 
A  murine monoclonal antibody that completely blocks the binding of 
fibrinogen to platelets produces a thrombasthenic-like state in normal 
platelets and  binds to  glycoproteins lib  and/or IIIa.  J.  Clin. Invest. 
72:325-338. 
6. Coog, J., D. E. GolI, A. M. Peterson, and H. P. Kapprell. 1989. The role 
of autolysis in activity of the Ca2+-dependent proteinases (/t-calpain  and 
m-calpain). J. Biol. Chem. 264:10096-10103. 
7. Evans R. R., R. M. Robson, and M. H. Stromer.  1984. Properties of smooth 
muscle vinculin. J. Biol. Chem. 259:3916-3924. 
8. Fen'ell Jr., J. E., and G. S. Martin.  1989. Tyrosine-spacific protein pbos- 
phorylation is regulated by glycoprotein IIb-IIIa  in platelets.  Proc. Natl. 
Acad.  Sci. USA. 86:2234-2238. 
9. Fox, J. E. B., C. D. Austin, C. C. Reynolds, and P. K. Steffen.  1991. Evi- 
dence that agonist-induced activation  of calpain causes the shedding of 
procoagulant-containing  microvesicles from the membrane of aggregating 
platelets.  J.  Biol. Chem. 266:13289-13295. 
10. Fox, J. E. B., C. C. Reynolds, and D. R. Phillips.  1983. Calcium-dependent 
proteolysis occurs during platelet aggregation.  J. Biol. Chem. 258:9973- 
9981. 
11. Fox, J. E. B., C. D. Austin, J. K. Boyles, and P. K. Stet~n.  1990. Role of 
the membrane skeleton in preventing the shedding of procoagulant-rich 
microvesicles from the platelet  plasma membrane. J.  Cell Biol.  111: 
483-493. 
12. Fox, J. E. B., D. E. GolI, C. C. Reynolds, and D. R. Phillips.  1985. Iden- 
tification of two proteins (actin-binding protein and 1)235) that are hydro- 
iyzed by endogenous Ca2+-dependent protease during platelet aggrega- 
tion. J.  Biol. Chem. 260:1060-1066. 
13. Fox, J. E. B., C. C. Reynolds, J. S. Morrow, and D. R. Phillips. 1987. Spec- 
trin is associated with membrane-bound actin filaments in platelets and 
is hydrolyzed  by the Ca2+-dependent protease during platelet  activation. 
Blood.  69:537-545. 
14. Fojimoto, T., K. Fujimura, and A. Kuramnto. 1991. Electrophysiological 
evidence that glycoprotein Ilb-IIla complex is involved in calcium channel 
activation  on human platelet  plasma membrane. J.  Biol. Chem. 266: 
16370-16375. 
15. George, J. N., A. T. Nurden, and D. R. Phillips. 1984. Molecular defects 
in interactions of platelets with the vessel wall. N.  Engl. J.  Med. 311: 
1084-1098. 
16. Golden, A., J. S. Brugge, and S. J. Shattil.  1990. Role of platelet membrane 
glycoprotein  IIb-l~a  in  agonist-induced tyrosine  phosphorylation of 
platelet proteins. J.  Cell Biol. 111:3117-3127. 
17. GolI,  D. E., V. F. Thompson, R. B. Taylor, and T. Zalewska. 1992.  Is 
calpain activity regulated by membranes and autolysis or by calcium and 
calpastatin? Bioessays.  14:1-8. 
18. Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985.  A new generation 
of Ca  2+  indicators with greatly  improved fluorescence properties.  J. 
Biol.  Chem. 260:3440-3450. 
19. Hashimoto, K., K. Mikawa, T. Kuroda, K. Ase, and A. Kishimoto. 1990. 
Calpains and regulation of protein kinase C. In Intracelhilar Calcium- 
dependent Proteolysis. R. L. Mellgren and T. Murachi, editors. CRC 
Press, Inc., Boca Raton, Florida.  181-190. 
20. Kornberg, L., and R. L. Juliano.  1992.  Signal transduction from the ex- 
tracellular matrix: the integrin-tyrosine kinase connection. Trends Phar- 
macol.  Sci. 13:93-95. 
21. Kouns, W. C., C. F. Fox, W. J. Lamoreaux, L. B. Coons, and L. K. Jew 
nings. 1991. The effect of glycoprotein IIbb-IIIa receptor occupancy on the 
cytoskeleton of resting and  activated platelets.  J.  Biol. Chem. 266: 
13891-13900. 
22. Kumamoto, T., W. C. Kleese, J. Cong, D. E. Goll, P. R. Pierce, and R. E. 
Allen.  1992.  Localization of the Ca2+-dependent proteinases and their 
inhibitor in normal, fasted, and denervated rat skeletal muscle. Anat. Rec. 
232:60-77. 
23. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly 
of the head of bacteriophage T4. Nature  (Lond.). 227:680-685. 
24. Lipscombe, D., D. V. Madison, M. Poenie, H. Reuter, and R. Y. Tsien. 
1988. Spatial distribution of calcium channels  and cytosolic calcium tran- 
sients in growth cones and cell bodies of sympathetic neurons. Proc. Natl. 
Acad.  Sci. USA. 85:2398-2402. 
25. McGowan, E. B., K. T. Yeo, and T. C. Detwiler.  1983.  The action of 
calcium-dependent  protease on platelet surface glycoproteins. Arch. Bio- 
chem. Biophys.  227:287-301. 
26. Mellgren, R. L. 1987. Calcium-dependent  proteases: an enzyme system  ac- 
tive at cellular membranes?  FASEB (Fed. Am. Soc. Exp. Biol.) J.  1  :  110- 
115. 
27. Melloni, E., S. Pontremoli, M. Michetti, O. Sacco, B. Sparatore, and B. L. 
Horecker. 1986. The involvement of calpain in the activation of protein 
kinase C  in neutrophils stimulated by phorbol myristic acid. J.  Biol. 
Chem.  261:4101-4105. 
28. Murachi, T.  1989.  Intracellular regulatory system involving calpain and 
calpastatin. Biochem.  Int. 18:263-294. 
29. Phillips, D. R., I. F. Charo, L. V. Parise, and L. A. Fitzgerald.  1988. The 
platelet membrane glycoprotein IIb-llIa complex. B/ood.  71:831-843. 
30. Phillips, D. R., L. K. Jennings, and H. H. Edwards.  1980, Identification 
of membrane proteins mediating the interaction of human platelets. J. 
Cell Biol. 86:77-86. 
31. Rybak, M. E., and L. A. RenzuUi.  1989. Ligand inhibition of the platelet 
glycoprotein Ilb-Illa complex function as a calcium channel in liposomes. 
J.  Biol.  Chem. 264:14617-14620. 
32. Rybak, M. E., L. A. Renzulli, M. J. Bruns, andD. P. Cahaly. 1988. Plate- 
let glycoproteins fib and Ilia as a calcium channel in liposomes. Blood. 
72:714-720. 
33. Schwartz, M. A., C. Lechene, and D. E. Ingber. 1991. Insoluble fibronec- 
tin activates the Na+/H  + antiporter by clustering and immobilizing inte- 
grin alpha 5 beta 1, independent of cell shape. Proc. Natl. Acad.  Sci. 
USA. 88:7849-7853. 
34. Shattil, S. J., J. A. Hoxie, M. Cunningham,  and L. F. Brass. 1985. Changes 
in the platelet membrane glycoprotein IIb-IIIa complex during platelet ac- 
tivation. J.  Biol. Chem. 260:11107-11114. 
35. Suldan, Z., and L. F. Brass. 1991. Role of the glycoprotein IIb-IHa com- 
plex in plasma membrane Ca  2+ transport: a comparison of results ob- 
tained with platelets and human erythroleukemia cells. Blood. 78:2887- 
2893. 
36. Taylor, R. G., J. A. Christiansen, and D. E. Goll. 1991. Immunolocaliza- 
tion of the calpains and calpastatin in human and bovine platelets. Bio- 
reed. Biochim.  50:491-498. 
37. Towbin, H., T. Staehelin, and J. Gordon.  1979.  Electrophoretic  transfer 
of proteins from polyacrylamide gels to nitrocellulose sheets: procedure 
and some applications. Proc.  Natl. Acad.  Sci. USA. 767:4350-4354. 
38. Wallace, R. W., E. A. Tallant, andM. C. McManus. 1987. Human platelet 
calmodulin-binding proteins: identification  and Ca2+-dependent proteol- 
ysis upon platetet activation. Biochemistry.  26:2766-2773. 
39. Werb, Z., P. M. Tremble, O. Behrendtsen,  E. Crowley, and C. H. Damsky. 
1989.  Signal transduction through the fibronectin receptor induces col- 
lagenase and stromelysin gene expression. J.  Cell Biol. 109:877-889. 
40. White, G. C., II. 1980. Calcium-dependent proteins in platelets. Response 
of calcium-activated protease in normal and thrombasthenic platelets to 
aggregating agents. Biochim. Biophys. Acta.  631:130-138. 
41. Williams, D. A., P. L. Becker, and F. S. Fay. 1987. Regional changes in 
calcium underlying contraction of single smooth muscle cells. Science 
(Wash. DC).  235:1644-1648. 
42. Williams, J. A., B. Ashby, and J. L. Daniel. 1990. Ligands to the platelet 
fibrinogen receptor glycoprotein IIb-IIIa  do not affect  agonist-induced 
second messengers Ca  2+ or cyclic AMP. Biochem. J.  270:149-155. 
43. Zhang, J., M. J. Fry, M. D. Waterfield, S. Jaken, L. Liao, J. E. B. Fox, 
and S. E. Rittenhouse. 1992. Activated phosphoinositide 3-kinase associ- 
ates with membrane skeleton in thrombin-exposed platelets.  J.  Biol. 
Chem. 267:4686-4692. 
Fox r  al. lntegrin-mediated  Calpain Activation  1507 